Abstract. Multidrug resistance-associated protein 2 (MRP2/ABCC2) is mainly expressed in the apical phase of barrier membranes. It functions as a critical efflux pump in the biliary excretion of endogenous substances, such as conjugated bilirubin and bile salts, as well as many structurally diverse xenobiotics and their metabolites. Due to its important role in defining ADME/Tox properties, efforts have emerged to build the structure-activity relationship (SAR) for MRP2/ABCC2 at early stages of drug discovery process. MRP2/ABCC2 is a member of the integral membrane protein family whose high-resolution crystal structure has not been described. To overcome the obstacle of lacking detailed structural depiction, various molecular modeling approaches have been applied to derive the structural requirements for binding interactions with MRP2/ABCC2 protein, including two-dimensional (2D) and threedimensional (3D) quantitative SAR (QSAR) analysis, pharmacophore models, and homology modeling of the transporter. Here we summarize recent progresses in understanding the SAR of MRP2/ABCC2 recognition of substrates and/or inhibitors, and describe some of the useful in vitro tools for characterizing the interactions with the transporter.
INTRODUCTION
The widespread use of parallel and combinatorial chemistry as well as high-throughput screening technologies in drug discovery generates large number of candidate molecules poised for triage and selection. Since the identification of promising hits and the prediction of potential risk factors are crucial steps in the early stages of a drug discovery project (1) , it is widely recognized that parallel assessment of compound ADME/Tox properties can greatly accelerate the preclinical discovery process. Due to the ever increasing pressure to improve the success rate of new chemical entity generation and to reduce the time and cost of bringing a new drug to the market, there is a large demand for new practice and technologies to be integrated into decision-making funnels, to assist that early discovery produces the best candidates in target and lead molecules while incurring the least possible amount of cost. Toward that goal, computational modeling has become a critical component in drug discovery research. Sophisticated computational methods help depict the structural requirements for ligand-protein interactions and could enable the ADME/Tox assessment at the earliest and the least expensive stages of drug discovery, such as during virtual screening prior to chemical synthesis, while screening compound libraries and in the course of hitto-lead optimization (Fig. 1) . In this review, we provide an overview of the multidrug resistance-associated protein 2 (MRP2/ABCC2)-related ADME/Tox issues, the in vitro tools for characterizing the interactions with MRP2/ABCC2, the structure-activity relationship (SAR) and quantitative SAR (QSAR) analysis of MRP2/ABCC2 substrates and/or inhibitors, and the molecular modeling of the transporter interactions.
MRP2/ABCC2 IN ADME/TOX
Representing the largest family of transmembrane proteins, adenosine triphosphate (ATP)-binding cassette (ABC) transporters ferry a wide variety of substrates across biological membranes using the energy of ATP hydrolysis, including metabolic products, lipids, sterols, and drug molecules. Phylogenically, ABC transporters are classified into seven subfamilies of 49 transporter genes (ABCA to ABCG) (2) . These transporters are frequently involved in drug absorption, distribution, and excretion. Therefore, drug molecules that interact with the transporters could cause drug-drug interactions and related toxicity. Conversely, changes in the expression of transporters could affect the disposition of drugs and their metabolites, altering their pharmacokinetics and pharmacological response. Multidrug resistance-associated protein (MRP/ABCC), currently consisting of 12 members (MRP1-12/ABCC1-12), is one branch of the ABC superfamily translocating their substrates across biological membranes (3) (4) (5) . MRP2/ABCC2, one member of the MRP/ABCC family, is mainly expressed in the apical membrane of liver canaliculi, renal proximal tubules, gut enterocytes, placenta, and blood-brain barriers. Physiologically, it pumps endogenous metabolites, such as conjugated bilirubin and bile salts, into bile (6, 7) . Caused by distinct mutations that create premature termination codons in the ABCC2/Abcc2 gene, hereditary MRP2/ ABCC2 deficiency results in conjugated hyperbilirubinemia, seen in Dubin-Johnson Syndrome in humans or TR -rats (Wistar rats) and Eisai hyperbilirubinemic (EHBR) rats (Sprague-Dawley rats) (8, 9) . MRP2/ABCC2 also transports anionic conjugates of drugs (10, 11) and many structurally diverse xenobiotics and their metabolites as part of the hepatic detoxification process (12) (13) (14) (15) (16) . It has been recognized as a major biliary efflux transporter for anionic drugs such as methotrexate and pravastatin (17, 18) . Other unmodified drugs that are transported by MRP2/ABCC2 include vincristine (19) , doxorubicin (20, 21) , HIV protease inhibitors (22) , nucleoside phosphonates (23), p-aminohippuric acid (24) , and fluoroquinolone antibiotics (25) .
Disturbance of MRP2/ABCC2-mediated hepatobiliary transport function can result in disorder of lipid homeostasis and toxic accumulation of compounds in the liver, hence is one of the causes of drug withdrawals from the market (26, 27) . Most recently, it was reported that hepatobiliary secretion mediated by Mrp2/Abcc2 lead to nonlinear saturable pharmacokinetics in rats when a compensatory secretion mechanism is not sufficiently efficient (28) . On the other hand, pharmacological advantage has been reported for biliary excretion of fluoroquinolone antibiotics as they are efficiently excreted into the bile followed by enterohepatic recirculation (29) . Interactions between small molecule therapeutic agents and MRP2/ABCC2 protein have received increasing attention in considering their role in pharmacokinetic properties, drug-drug interactions, and/ or adverse drug events (28) .
Structure-Activity Approaches to Efflux Transporter Interactions
Recently, efforts have been made to solve ABC transporter-related issues in the areas of (1) circumventing multidrug resistance (MDR) mediated by P-gp/ABCB1, BCRP/ABCG2, and MRPs/ABCCs; (2) achieving favorable pharmacokinetic profiles; and (3) targeting in specific organs, e.g., CNS penetration. The common strategy is to build the SAR within the exploratory chemical space and to identify the structural features that are critical for interacting with the ABC transporters. Since the response caused by a substrate and/or an inhibitor is a result of complementary recognition between transporter protein and small molecule via its multiple functional groups, addition or removal of a key group may alter the efflux outcome in in vitro and/or in vivo settings (30) . QSAR analysis furthers the understanding by establishing quantitative correlations between the transport property and the molecular descriptors (e.g., lipophilicity, hydrogen-bond forming capacities, molecular weight, polar and non-polar surface areas, and steric and comformational factors, etc.). Pharmacophore models have proven useful in the prediction of the drug-transporter interactions in rational drug design (31) . In cancer therapy, attempts have been made to overcome MDR by either developing inhibitory modulators of ABC transporters to co-administer with the anticancer drugs, or modifying the interactions between drugs and the ABC transporters. For example, substantial amount of work has been done to understand the P-gp recognition and to identify key molecular elements within chemical scaffold (32) (33) (34) (35) (36) . Such recognition consists of hydrophobic interaction (aromatic ring stacking, van der Waals interaction of aliphatic groups) and polar interaction (hydrogen bonds, electrostatic interaction). Furthermore, the recognition of a substrate and/or inhibitor molecule by transporter depends on not only the presence of strong interacting polar or nonpolar groups but also their 3D-spatial arrangement (37) .
In addition to P-gp/ABCB1 interactions, developing SAR for MRP/ABCC interaction has been an ongoing effort during the lead optimization stage in drug discovery. For example, Wang and co-workers identified potent and selective MRP1/ABCC1 inhibitors of pyrrolopyrimidine analogs that are potentially useful as MDR reversal agent in chemotherapy (38) . Boumendjel et al. reported the discovery of a MRP1/ABCC1 inhibitor in an effort to mitigate MDR in anticancer treatment (39) . However, SAR for the interaction of ABC transporters, in particular MRP/ABCC interactions, is generally complicated. Based on the transport mechanism, two types of molecules have been identified as MRP/ABCC inhibitors or substrates: (1) compounds co-transported with glutathione (GSH) and cytosolic glutathione S-transferases (GST) and (2) compounds interacting with MRP independent of GSH and GST. Though the interactions are poorly understood for the compounds that co-transport with GSH and GST, certain structural requirements have been drawn for the GSH/GST independent compounds (39) . By analyzing a group of structurally diverse compounds, some common structural features were identified for possible MRP1/ABCC1 Fig. 1 . Illustration of SAR development in drug discovery inhibition, in which aromatic/heteroaromatic moieties, nitrogen atom, and carbonyl groups are frequently observed in MRP1/ABCC1 inhibitors and/or substrates (39) . The SAR of transporter interactions has been also applied in drug design to improve pharmacokinetic profile by reducing the effects of efflux pump in gastrointestinal tract. For example, saquinavir (SQV) is a protease inhibitor for the treatment of HIV-1 infection and its low and variable bioavailability is attributed to membrane-bound efflux pumps, including MRP2/ABCC2 (40). Jain and co-workers converted SQV to dipeptide prodrugs valine-valine-saquinavir (Val-Val-SQV) and glycine-valine-saquinavir (Gly-Val-SQV) via an ester linkage between the hydroxyl group of SQV and the carboxylic group of amino acid (41) . They found that the Val-Val-SQV modification successfully eradicates the MRP2/ABCC2 interaction and exhibits about five-fold enhanced intestinal absorption in rat (41) . Other SAR efforts on ABC transporters can also be found in reviews of this AAPS Journal. These works lay ground as examples for better understanding transporter recognition and provide practical approaches to establish SAR on ABC transporters.
QSAR ANALYSIS AND MOLECULAR MODELING OF MRP2/ABCC2 INTERACTIONS
The "old fashioned" drug discovery was an expensive and laborious process, as it consisted of massive testing of natural and synthetic compounds. In modern drug discovery, computational chemistry has become an essential component in designing and selecting compounds of desirable pharmacological properties via statistical analysis and/or molecular modeling. Computational models can be built using known knowledge and experimental data to evaluate the suitability of compounds before an expensive and time-consuming synthesis attempt is made.
QSAR analysis has been largely applied to discern physico-chemical parameters responsible for the ABCC2/ MRP2 substrate specificity and/or inhibition activity. By 2D-QSAR modeling, Han et al. found that non-polar surface area and the calculated 1-octanol-water partition coefficient (ClogP) followed by molecular weight to a lesser extent are important characteristics that correlate with rat Mrp2/Abcc2 affinity of methotrexate and two dozen of its derivatives (42) . In a follow-up study, simulated annealing partial least squares analysis reinforce the importance of ClogP and PSA, and additionally identify negative charge as important factors for binding affinity to Mrp2/Abcc2 (43) . Further analysis using 3D-QSAR method yields a pharmacophore model consisting of two hydrophobic regions (two aromatic rings) and an anionic ionizable group as critical molecular features. Attempting to map the 3D receptor interaction of rat Mrp2/ Abcc2, comparative molecular field analysis (CoMFA) has been applied to a set of substrates of diverse chemical structures (44) . Using a number of molecular properties (i.e., steric field, electrostatic field, and ClogP) the 3D-QSAR model shows the capabilities in assessing the feasibility of Mrp2 binding, as well as estimating binding affinity (K m ) of chemical compounds. A recent classification model is able to differentiate inhibitors from non-inhibitors with 77% accuracy by support vector machine, and 74% by pharmacophore modeling (45) . Similar to the previous findings, lipophilicity, aromatic functions, hydrogen bond features, and polarizability are among the most important molecular properties that sensitize the inhibitory recognition of MRP2/ABCC2 (45) .
ABCC2/MRP2 interactions are highly specific. In a comparative study of MRP1-and MRP2-mediated calcein transport in MDCKII gene transfected cells, van Zanden et al. analyzed large series of flavonoids to define the structural requirements needed for potent inhibition (46) . Coincidently, the dihedral angle between the B-and C-ring of flavonoids is suggested to be one of the three structural characteristics for MRP1/ABCC1 inhibition, along with the total number of methoxylate and hydroxyl groups. In their report, the MRP2/ ABCC2 recognition demonstrates higher selectivity than MRP1/ABCC1, exhibiting a strong reliance on the presence of a flavonol B-ring pyrogallol group. Such high specificity of ABCC2/MRP2 interactions is also observed in a group of biphenyl-substituted heterocyclic compounds. In the study, both the nature and the magnitude of the ABCC2/MRP2 transport and/or inhibition profiles are tightly mediated by the torsion angles of the bi-phenyl system (47) . Given the number and the size of the ortho-substituents that the bi-phenyl moiety bears, the MRP2/ABCC2 transport and inhibition profile of this series of compounds correlate well with the torsion angle between the two phenyl rings calculated at the density functional theory (DFT B3LYP/6-31G*) level. The DFT accurately calculate the dihedral angles, which successfully classifies the compounds into three groups. As the torsion angle increases, the compounds transit from non-substrate and/or non-inhibitor to substrate and/or weak inhibitor, and eventually to substrate and/or potent inhibitor (Figs. 2 and 3) . In a separate study of discriminating inhibitors from noninhibitors of MRP2/ABCC2, the orthogonal partial least squares discriminant analysis is applied to over a hundred structurally diverse drug-like compounds (48) . An overlapping but narrower inhibitor space is found for MRP2/ABCC2 than P-gp/ABCB1 and BCRP/ABCG2. The inhibitors are generally larger and more lipophilic and present more aromatic features than the non-inhibitors. The multivariate model is successful in distinguishing more than 70% of the MRP2/ABCC2 inhibitors from non-inhibitors (48) .
Based on the 3D-pharmacophore and the contour map obtained from the CoMFA calculation, Hirono et al. proposed the structure of the ligand-binding site of rat Mrp2/Abcc2 (44) . In their models, the primary binding site is proposed to be assembled by two hydrophobic and two electropositive sub-pockets, augmented by the secondary ligand sites via two electropositive and two electronegative sites (Fig. 4) . Ligand recognition is speculated to be achieved through interactions in the two primary binding sites, while the secondary binding sites are responsible for the broad substrate specificity of Mrp2/Abcc2 (44) . In light of the ligand-derived charge interactions, two amino acids in the transmembrane domain of rat Mrp2, conserved among MRP families, have been shown critical for their positive electrostatics by site-directed mutagenesis. K325M and R586L mutations of rat Mrp2/ Abcc2 resulted in marked reduction in the transport for glutathione conjugates and leukotriene C 4 (49) .
It has been proposed that MRP2/ABCC2 contains two distinct binding sites: one site for substrate transport and a second site that allosterically regulates the affinity of the transport site for the substrate (50) . Limited mutagenesis study revealed four basic residues in the transmembrane domain important for transport activity, specifically K324, K483, R1210, and R1257 (51) . Additionally, on the last transmembrane segment a highly conserved Trp residue (Trp1254) was shown to be essential for MRP2-mediated transport of methotrexate, but the 17-beta-estradiol glucuronide transport is affected by only non-conserved mutations (51) . Due to exceeding challenges on the purification and crystallization of the ABC superfamily of proteins, the only structural information available to date is a bacterial ABC transporter (52) . An earlier structure of a bacterial MDR-ABC transporter MsbA has been retracted due to incorrect topological assignments resulted from low resolution of the X-ray diffraction data (53) . Nevertheless, using the obsolete PDB entry a homology model of ABCC2/MRP2 has been built to predict the binding of known MRP2/ABCC2 inhibitors and a series of quercetin glucuronide conjugates (54) . The postulated binding site is composed of amino acids Phe550, Val557, Asn587, Ser558, Trp1144, Phe1140, Arg1257, and Glu1260, which are important for close contact interactions with the inhibitors and/or substrates. The calculated binding affinities by molecular docking seem to correlate with the experimental EC 50 values. In agreement with an independent study, the major phase II metabolites of quercetin are equally potent or even better inhibitors of MRP2/ABCC2 than quercetin itself (55) . Suggested by preliminary success, homology modeling could be a more amenable approach to derive 3D interactions for MRP2/ABCC2 than the other ABC family members, possibly due to its stricter substrate specificity of MRP2/ABCC2.
IN VITRO TOOLS FOR IDENTIFYING SUBSTRATES/ INHIBITORS OF MRP2/ABCC2 IN DRUG DISCOVERY
In SAR and QSAR analysis, the reliability of models depends in part on the algorithms used to generate the relationships. More importantly, the predictive ability of a model relies on the quality and quantity of the data used for training; the larger the training set is, the broader chemical Fig. 2 . Illustration of torsion angles for a group of substituted bi-phenyl ring system. The torsion angles increase with increasing bulkiness of the substituents in the following order: H < F < OH < Cl < Me. The bi-phenyl ring systems are of the smallest torsion angles (37-45 o ) when they are unsubstituted or substituted with small atoms such as fluorine or oxygen. Chloride or 2-methyl substituted bi-phenyl ring systems exhibit moderate torsion angles (54-65 o ). The torsion angles of the 2, 2'-dimethyl substituted biphenyls are further increased (78-87 o ). Reproduced with permission from Lai et al. (47) space the model can apply. A variety of in vitro tools have been developed to identify a new chemical entity as a substrate/inhibitor of ABCC2/MRP2, which can be incorporated into the consideration of favorable or adverse impact on clinical drug ADME/Tox properties and efficacy. While the in vivo models offer the definitive information, the in vitro methods are amenable to high-throughput and automation formats. The data generated from these assays are valuable as they provide the necessary elucidation of transporter involvement and the potential clinical impact, and are useful for developing computational models.
Bi-directional Transport Through a Polarized Cell Monolayer
Bi-directional drug transport through a polarized cell monolayer grown on a permeable filter support is the most direct method for testing transporter function. Various cell lines can form monolayers with tight junction, such as HT29 and Caco-2 cells, and may refer to bi-directional cell monolayer transport (56) . Derived from a human colon carcinoma, Caco-2 monolayers form tight monolayers and express drug transporters that mimic the human intestinal epithelia cells (57) . The bi-directional assays in Caco-2 cells have been shown to be a valuable tool for identifying substrates and/or inhibitors and understanding the mechanistic function. This model has been successfully used for analyzing the structure-activity relationships of MRP2/ ABCC2 substrates (47) or for rapidly identifying the MRP2/ ABCC2 inhibitors using fluorescent substrates (58) . However, as mentioned above, Caco-2 cells express the most transporters in intestinal epithelia cells, and are not a "pure" model for identification of single transporter interaction. The gene transfected cell lines overexpressing single transporter gene are useful tools in transporter functional assays due to the unambiguous identification of the transporter involved (20, (59) (60) (61) (62) . The MRP2/ABCC2-mediated fluorescent substrates efflux in gene transfected cell line has been used for compound profiling (63) . However, the single MRP2/ABCC2 gene transfected cell model is difficult to demonstrate the vectorial transport of ABCC2/MRP2 substrates due to the lack of the corresponding basolateral membrane transport mediated by uptake transporters (64, 65) . To overcome the limitations, the MDCK cells have also been doubly transfected with transporters (i.e., OATP1B1 or OATP1B3, and MRP2/ABCC2) or even quadruply transfected (66) , to allow active uptake and efflux to be characterized, especially for anionic substrates with poor permeability. These models describe the cooperative functions of uptake transporters on basal membrane and efflux transporters on apical membrane for governing the vectorial transport (64, 67) . Nonetheless, the multiple gene transfected cell lines have not been generally accepted, due to the unknown expressing efficiency and substrate specificity of corresponding transporters. The bidirectional transport assays can be used as second tier studies to determine the kinetic parameters of substrate or inhibitor for generating K m or IC 50 values (68).
Membrane Vesicular Uptake Assay
Through monitoring the accumulation of substrate within the vesicles, inside-out vesicles preparations from transporter gene overexpressed sf9 insect cells or tissues are popularly used to identify substrates and inhibitors of ABC transporters (69) (70) (71) . Vesicle preparations are exposed to test compound in the presence or absence (as negative controls) of ATP. The accumulation of compound in the vesicle is determined by rapid filtration in a cell harvester to remove remaining external compound (28, 72) . For MRP2/ABCC2-mediated uptake, the rate of ATP-dependent estradiol-17β-D-glucuronide (E17G) transport is linear for up to 30 min (48) . The addition of glutathione is required for MRP2/ABCC2 transport, due to the potential requirement for its co-transport with substrates of these proteins. Since the experiments could be performed in a 96-well plate in a rapid filtration technique (28, 48) , the inverted membrane vesicles assay is considered as an effective method for determining MRP2/ABCC2 interactions and is amenable to high-throughput screening (73, 74) .
Cellular Uptake or Efflux Assay
Monitoring drug accumulation in ABC transporter overexpressing cells/xenopus Laevis oocytes can be used to characterize transporter substrates or inhibitors either through compound uptake or by inhibition of compound efflux (75) (76) (77) (78) (79) (80) (81) . Experimentally, the probe substrate needs to be pre-loaded into the cells during a preincubation period prior to efflux assay (82) . For a single transporter characterization, the choice of a probe compound is the key and should be based on substrate efficiency for the specific transporter involved, ease of measurement, and range of sensitivity and responsiveness to inhibition (83, 84) . The efflux of florescent substrate, e.g., calcein and GS-MF (5-chloromethylfluorescein diacetate GSH conjugate), has been used for measured MRP/ABCC function or the inhibitory effects of testing compounds (46, 47) . Inhibition of the relevant transporter results in the retention of fluorescent substrate within the cell (81) . The use of specific fluorescent substrate as a marker for functional efflux inhibition is desirable due to its intracellular accumulation that the trapped fluorescence level is directly correlated with the inhibition of transporter function. This fluorescent substrate can also be detected by a plate reader to reduce the labor involved and allowing real-time measurements.
ATPase Activation Assay
As the ABC superfamily of transporters activate through ATP hydrolysis to adenosine diphosphate releasing of inorganic phosphate (P i ), the membrane preparations can also be used to determine the interactions with ABC transporters by measurement of ATP hydrolysis (85) . This ATP conversion is quantified either directly through colorimetric detection of P i liberation (85) (86) (87) or indirectly by spectrophotometric monitoring of NADH turnover in a coupled enzyme cycling assay (87, 88) . The assay has successfully been used for determining the P-gp affinity (89) and is expanded to other ABC transporters. However, as the release of P i is correlated to the activation of the transporter ATPase, and presumably to a transport event, the assay is an indirect measure of transport. Thus it is not for the direct measurement of transporter function. In addition, some drugs can stimulate P i release at low concentrations, but inhibit the effect at higher concentrations (90) (91) (92) or result in a false negative due to significant nonspecific binding (92) .
CONCLUSIONS
The advancements in screening technologies and the vast volume of the ADME/Tox data provide opportunities to probe the interaction between MRP2/ABCC2 transporter and its substrates and inhibitors. Various computational models have been developed and offered the promise of depicting the requirements for MRP2/ABCC2 interaction at the molecular level. These include: (1) physico-chemical properties, (2) key functional groups, (3) 3D spatial arrangement, and (4) the primary and secondary binding sites of Mrp2/Abcc2. However, most of the studies are based on series of structurally related compounds; thus the conclusions drawn are limited to the specific chemical spaces they represent. The need to develop more general QSAR models to predict broad transport properties for MRP2/ABCC2 remains largely unmet. Advancement of MRP2/ABCC2 structural biology could significantly accelerate revelation of the biological function of this transporter and provide further insights into developing more versatile and predictive computational models.
